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8.1 Discussion & Future plans 
 
The major impact of this thesis is the ability to address topography and its sub-parameters in a broad sense 
using compatible approaches without altering materials, chemistry, and mechanical properties that allows 
for a very good and controlled comparison of individual topography parameters concerning overall size, 
height, spacing, directionality, and relative orientation. By an impeccable control and the ability to vary 
design parameters irrespective of the other factors as indicated in Figure 1 allows us to gain insight in the 
importance of topography as well as the contributions of either nanostructures or microstructures separate 
and combined. The natural system such as collagen, the predominant protein in the ECM, displays all 
features simultaneously and it is difficult to single out individual contributions, especially topography. In 
order to understand the individual roles of these components, the work in this thesis sets out to shed light 
on the matters by not only on attempting to mimic topographical features with and without biochemical 
cues, but also by isolating individual components and varying the sub-parameters this, particularly as 
described here, the topography.  
 
Importance of substrate mechanical property should not be neglected 
The foundation of the results and findings in this thesis is cells that interact with topography (chapter 3, 4, 
5, 6) and also biochemical signals (chapter 7), however, it should be noted that the mechanical properties 
of the substrate also play a crucial role in modulating various cell behaviors. The mechanical property of 
PDMS used in this research is in the range of MPa, and it is well evidenced that stem cells tend more to 
differentiate into specific cell types on the surface with a tissue-like mechanical property1,2. For example, 
substrates of about 30−35 kPa are beneficial for osteogenic differentiation, softer substrate (<1 kPa) 
enhance neurogenic differentiation, and substrate with moderate mechanical properties improve myogenesis 
or adipogenesis3. Therefore, it remains challenging to develop a system with several parameters on a single 
substrate. It is fascinating to prepare orthogonal double/triple gradients, e.g., topography, stiffness, 
biochemistry, to investigate the synergistic role of them on osteogenic or neuron differentiation and achieve 
the optimum parameter, which would greatly accelerate the development of biomaterials. For preparing a 
stiffness gradient on the surface of PDMS, methods, for instance, temperature gradient during cross-linking, 
and shielded plasma oxidation with a mask could be used. Voelcker et al. developed a simple method to 
fabricate stiffness gradient (190 kPa−3.1 MPa) on PDMS substrate by temperature gradient for screening 
osteogenesis of mesenchymal stem cells4. In addition, previously our group also fabricated stiffness gradient 
by plasma oxidation, and the value ranged from 6 MPa to 89 MPa5. 
We showed substrates with specific wrinkle dimensions, decorated with cell-derived extracellular matrixes 
(CDMs), significantly improved the degree of osteogenic differentiation (chapter 7). It has to be noted that 
the CDMs developed in this study contain two parameters, namely, topography and biochemistry, however, 
the mechanical property of CDMs was neglected. Until now, most studies related with CDMs focused on 
the different cell types used for the secretion of CDMs or improving the differentiation of different stem 
cells, and overlooked the important role of stiffness of CDMs. It has been demonstrated that cross-linkers, 
e.g., genipin, can modulate the stiffness of CDMs6. Park et al. have suggested that decellularized fibroblast-
derived matrices are able to mediate mechanotransduction of human pluripotent stem cells6. Therefore, it 
would be a promising strategy to couple topography and mechanical property of CDMs to improve cell 
attachment, migration, differentiation, and stemness maintenance.   
 
The importance of nature’s hierarchical architectures for modulating cell behaviors 
Researchers have shown that substrates modified with collagen, the most important and abundant protein 
in ECM of natural bone, have a profound effect on fate commitment of stem cells7–9. While much effort is 
put into the design of such biochemical interactions using all sorts of surface functionalization with peptide 
structures to recreate the ECM bio-signaling, people pay little attention to fabricating the complex structures 
of collagen. Mainly stating that something looks like a fiber is thought to be a mimic of the natural system 
but going actually down to the hierarchical structure with defined orientations is scarce, partly due to limited 
techniques10. Mimicking the structure of collagen one could use collagen but it is hard to deactivate the 
biochemical cue. Additionally, in order to stress the importance of hierarchy and relative orientations of 
topography one also needs to be able to vary these properties, which is impossible to do with the natural 
features of collagen. 
Inspired by the hierarchical structure of nerve tissue and collagen, well-defined hierarchical (chapter 5) and 
multiscale wrinkle (chapter 6) structures were designed through a silicone stretch-oxidation-release method 
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and imprinting lithography. We found anisotropically hierarchical topography had a considerable influence 
on the morphology, orientation, and osteogenesis and neurogenesis of hBM-MSCs. However, it should be 
noted that the feature sizes used in these two studies do not exactly match the dimensions found in native 
collagen bundles in bone. However, they are in the same order and provide a strategy to test the influence 
of the hierarchical architecture on cell macroscopic behavior and fate commitment of stem cells. As there 
are many anisotropically hierarchical architectures in tissue in vivo, e.g., muscle11, it is interesting to prepare 
hierarchical structure with nano- and microscale to explore the influence on myogenesis. 
 
3D structures better mimic the environment in vivo 
Although 3D culture environments and the topography thereof is already a topic of investigation targeted 
by many researchers, still there is much to explore. Something as seemingly simple as topography may 
contain several other sub-parameters that may elicit very specific cell response and it is important to gain 
insight in the relevance of each of these sub-parameters e.g. spacing distance, height, direction, orientation. 
When topography is indicated as a parameter, it is mentioned in one breath with the extracellular matrix 
(ECM) as also there cells sense a direct contribution from the topography that the matrix offers. However, 
there is always the presence biochemical influences as the ECM is composed of specific peptide sequences 
that are inherently recognized by the cells but also due to the nature of the type of peptide, mechanical 
properties may differ substantially (Figure 1). As the illustration shows in Figure 1, it is a complex 
environment in 3D while most of the work done, including in this thesis is 2D. Cells cultured in 2D comprise 
cell-ECM connections on the vertical direction and cell-cell communications in the horizontal direction, 
while in 3D culture models, the interactions between cells, ECM and adjacent cells always take place on all 
directions12. And this difference may give rise to distinctive cellular behavior13. For example, Burdick et al.14 
found that MSCs displayed enhanced cell spreading and more YAP/TAZ translocated into nucleus when 
cells grown on the surface of stiffer hydrogels; however, the complete reverse trend was detected when cells 
were seeding within hydrogels with 3D structure, highlighting the important role of 3D structure for in vitro 
investigations. It is very interesting to fabricate a 3D environment combined topography and explore the 
influence on cell mechanotransduction and differentiation behaviors. For example, O. Kelley et al.15 
demonstrated 3D architectures that enabled improvement in cell orientation and neurogenesis of hMSC 
compared to unpatterned surfaces. In addition, Huck et al.16 revealed 3D microniches with different volume 
had a significant influence on the focal adhesions, cell contractility, and YAP localization. Therefore, it 
would be fascinating to couple topography with 3D microniches to create 3D environments.  
 

 
Figure 1. Cells live in 2D and 3D microenvironments. 

 
 
The necessity of identifying the mechanisms that are mediated by topography 
In chapter 3&6&7, we found the enhanced osteogenic differentiation resulted from higher expression of 
vinculin, more formation of FAs, higher cell contractility, and more YAP translocated into the nucleus, 
indicating that the RhoA/ROCK pathway is involved in this process. Ushida et al.17 and Furukawa et al.18 
have demonstrated the intracellular mechanism of topography stimulated the enhanced FAs and prompted 
cytoskeletal tension was mediated by focal adhesion kinase (FAK), RhoA-ROCK signal pathway and myosin. 
Furthermore, many researchers have shown higher percentage of cells with nucleus translocation of YAP 
facilitates osteogenesis19–21. Therefore, our findings are in good agreement with their results. However, 
previous studies have also explained other possible pathways mediating osteogenic differentiation, for 
instance, the mitogen-activated protein kinase (MAPK) pathway22, FAK/MAPK and integrin linked 
kinase/β-Catenin pathways23, extracellular signal-regulated kinase 1/2 (ERK1/2) pathway24. Therefore, 
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further investigations are necessary to completely identify the mechanisms for osteogenesis enhanced by 
topography. 
In addition, we demonstrated that cell morphology is not an appropriate indicator for stem cell 
differentiation (Chapter 3), and different intracellular pathways may be activated even though similar 
morphologies are induced. Higher is not always better, and the optimum cell morphology or aspect ratio 
greatly depend on the aimed tissue. Mrksich et al.25 showed that cells grown onto rectangles with increasing 
aspect ratio (1, 1.5 and 4), exhibited different capacity for osteogenesis and adipogenesis. Adipogenesis 
decreased with increasing aspect ratio, while osteogenesis showed an inverse trend. Ding and co-workers26 
prepared different cell aspect ratios (1, 1.5, 2, 4, 8 and 16) on patterned surfaces, and the optimum ratio for 
adipogenesis was 1, and the optimal ratio for osteogenesis was 2. However, cell volume is always overlooked 
during this process. Researchers have shown cell volume plays an important role in directing stem cell 
fate27,28. Therefore, it is a good strategy to design microniches mentioned above with similar volume but 
different aspect ratios to further investigate the influence of aspect ratio on the fate commitment of stem 
cells. 
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